Recent evidence indicates that, in addition to being the principal charge carrier for action potentials, once inside neurons sodium functions as an intracellular second messenger by upregulating the activity of NMDA receptors.
Sodium has received-apparently deservedly so-a bad rap from biomedical sciences, having been implicated in a diversity of ills including hypertension, cancer, renal disease and osteoporosis. 1 But sodium is of course essential for life, and in excitable cells like neurons influx of sodium is the primary event for generating action potentials. The understanding that action potentials are the means for encoding and transmitting information in the nervous system is at the root of neuroscience and the importance of action potentials is contained in every text on neurobiology. Also the stuff of textbooks is the concept that the amount of sodium influx required to produce an action potential is so small that the resultant change in the intracellular concentration of sodium ([Na + ] i ) is negligible. However, over the past few years this dogma has been challenged and there is a growing body of evidence showing that [Na + ] i in neuronal soma and dendrites increases dramatically with activity, [2] [3] [4] likely reflecting the backpropagation of action potentials from the axon hillock. 5 Recently, we wondered whether such increases in [Na + ] i have an intracellular signalling function in neurons. 6 It is known that the activity-dependent rise in [Na + ] i in the dendrites is greater than that in the soma, 2 and it is dendrites which receive the main synaptic inputs. Therefore, we considered it possible that raising [Na + ] i may have functional consequences on synaptic transmission. We examined glutamatergic synaptic transmission focussing specifically on that mediated by the N-methyl-d-aspartate receptor, a principal subtype of glutamate receptor which is implicated in a variety of physiological and pathological processes in the CNS. ] i had no effect on the single-channel conductance of the NMDA channels. Together these results mean that the increase in the ensemble NMDA responses and in the NMDA EPSCs described above was accounted for solely by increased gating behaviour of NMDA channels, and was not due to changing the rate at which ions flow through the open channels.
To begin to probe the molecular mechanism by which intracellular Na + alters NMDA channel function, we studied NMDA channels in inside-out membrane patches excised from neurons, and examined the effect of directly applied Na + to the cytoplasmic side of the membrane. Here, in contrast to the increase in NMDA channel gating observed in cell-attached recordings, we found that raising cytoplasmic Na + to the levels used above had no effect on NMDA channel activity. This differential effect of raising Na + in intact neurons led us to consider that the action of Na + on NMDA receptors may depend upon a molecule(s) lost from the excised patches or upon a biochemical process that had been disrupted by excising the membrane patch.
A well-known biochemical process for regulating NMDA receptors is protein phosphorylation. 8 Therefore, we considered it possible that phosphorylation may be involved in the effects of intracellular Na + . Since we had established that tyrosine phosphorylation by the protein tyrosine kinase, Src, upregulates NMDA channel function in excised patches, 9,10 we wondered whether stimulating this kinase would reveal an effect of Na + . Indeed this was found to be the case, as pretreating the patches with a phosphopeptide activator of Src family kinases 10 allowed us to reconstitute the Na + -induced upregulation of NMDA channel activity. Thus, activating a Src kinase sensitized NMDA channels to effects of raising [Na + ] i to concentrations expected to occur in situ.
A key question raised by these findings is what the mechanism is for the upregulation of NMDA channel function by Na + . At present we have only the beginnings of the answer to this question. We know that the molecular components required for the effect of Na + are present within the excised patches. The most likely scenario is that Na + binds to a molecular target, or targets, within or closely associated with the NMDA channel complex. Such a target could be a protein, and other types of protein with specific binding sites for Na + are known. 11 In this case it may be that addition of a negatively charged phosphate group on tyrosine of the target protein facilitates the binding of Na + , thereby explaining the sensitizing effect of Src kinase. An alternative possibility is that Na + could interact with lipid components, such as those that have recently been found to regulate NMDA channel function. 12 One additional unresolved issue is whether the endogenous Src kinase that promotes the Na + sensitivity is Src itself, which seems very likely, or another member of the Src kinase family.
What are the potential functional implications of the effects of Na + on NMDA channels? The increase in NMDA channel activity produced by raising Na + is about 1.5-2 fold. This increase is over and above the three to four-fold increase produced by activating Src. Hence, the coincidence of a rise in [Na + ] i and activation of Src would be estimated to increase NMDA channel activity by approximately five to eight-fold. Such an enhancement would represent a dramatic alteration in synaptic efficacy and would be expected to have siz- able effects on synaptic integration and on the behaviour of neural networks. Moreover, the increase in NMDA currents would result in a corresponding boost in Ca 2+ influx and would facilitate recruitment of Ca 2+ activated signalling pathways in the cell. Coincidence of Src activation and raising [Na + ] i is hypothesized to occur as a consequence of high frequency stimulation such as that used to induce longterm potentiation (LTP) in the hippocampus (Figure 1) . A role of Src in LTP induction has recently been established 13 and our most recent results anticipate a role of Na + as well. It is known that as a result of tetanic stimulation action potentials initiated in the soma propagate back into the dendrites, 14 and this backpropagation of action potentials appears to facilitate the induction of LTP. 5 It is thought that the depolarization produced by the backpropagating action potentials promotes Ca 2+ entry through voltage-gated Ca 2+ channels and relieves the Mg 2+ block of NMDA channels. Our recent results however point to a new possibility, which is that it is the rise in [Na + ] i per se which is the crucial event. When NMDA channels have been primed by activation of Src, the rise in Na + may lead to a large amplification of NMDA ESPCs which will be sufficient to set off the intracellular signalling cascade.
The upregulation of NMDA channel function may also be relevant to pathophysiological conditions of excitotoxicity in particular those conditions that result from hypoxia. With hypoxia, or other conditions where Na + /K + pumping is impaired, [Na + ] i rises and it has been reported that tyrosine phosphorylation of NMDA receptor subunit proteins increases. 15 Thus, it is conceivable that the enhancement of NMDA channel function which results from raising [Na + ] i may contribute to a vicious circle of increased excitability, enhanced glutamate release and metabolic compromise.
In conclusion, our results, demonstrating that synaptic transmission mediated by NMDA receptors is enhanced by increasing [Na + ] i , may shed new light on the emerging concept that production of synaptic plasticity is dependent upon discharge activity, and in particular upon backpropagation of Na + spikes into dendrites. NMDA receptors are implicated in a variety of pathophysiological conditions in the CNS, and the regulation of these receptors by Na + may provide the basis for developing new types of therapeutic intervention in CNS disorders.
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